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ABSTRACT 

This note is complementary to UTIAS Technical Note No.  85, 
"Thermodynamic and Composition Data for Constant-Volume Combustion of 
Stoichiometric Mixtures of Hydrogen-Oxygen Diluted with Helium or Hydrogen", 
by A.   Benoit.    It includes the calculation of the equilibrium specific heats, 
the equilibrium specific heat ratios, the isentropic exponents,  and the 
corresponding values of the speeds of sound.    For convenience,  the final-to- 
initial temperature ratio and the final-to-initial pressure ratio have also been 
included in the present tables.    The results are presented for helium and 
hydrogen dilution respectively. 
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NOTATION 

a equilibrium speed of sound (m sec"^) 

a, frozen speed of sound (m sec'l) 

a* fictitious speed of sound (m sec"1) defined by (53)   (*) 

a^ coefficients appearing in the linearized system ((15) to (17)) 
and given by relations ((18) to (29)). 

b^ coefficients appearing in the linearized system ((30) to (31)) 
and given by relations ((32) to (37)) 

Bj^ functions of p and T defined by (9) and (10) 

Cp molar equilibrium specific heat at constant pressure 
(cal mole-1   0K-1)   defined by (42) 

CD molar frozen specific heat at constant pressure (cal mole"1 

'Pi 
OK"1) defined by (40) 

-1 Cv molar frozen specific heat at constant volume (cal mole 
1 OK-1) 

d function of p and T defined by (39) 

e function of p and T defined by (36) 

H molar enthalpy (cal mole"1) including sensible enthalpy and 
chemical energy at 0oK for gas state 

K equilibrium constant based on partial pressures for reaction 
of formation from elements in gas state.    The subscripts, 
1, 2, 3 and 4 refe:respectively to the formation of H2O,  OH,   H^ 
and O2 

m number of moles of diluting hydrogen per mole of oxygen in 
reactants 

(*)   (53) refers to equation (53) etc. 
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n number of moles of helium per mole of oxygen in reactants 

n- number of moles of species "j" in reaction products per mole 
of oxygfen in reactants 

n. total number 01 moles of reactants per mole of oxygen in 
reactants (n- = m + n +3) 

n^ total number of moles of products per mole of oxygen in 
reactants (nf =  2L,  n-) 1       i%   J 

p pressure of products of reaction (atm) 

p. pressure of reactants (atm) 

R universal gas constant (1. 98718 cal mole"1     0K"1) 

R universal gas constant (8314.  m^ sec"2   0K"1 gr) 

T absolute temperature (0K) 

U molar internal energy of reaction products (cal mole" ) 

U. molar internal energy of reactants (cal mole" ) 

y 
isentropic exponent defined by (44) 

'• frozen specific heat ratio defined by (49) 

y  * equilibrium specific heat ratio defined by (47) 

kj molecular weight of products of reaction (gr.  mole"1) 

/i molecular weight of reactants (gr. mole-1) 

Vj 

Subscripts 

molar fraction of species "j" in products of reaction 

refers to the reactants 

viu 



refers to species "j" according to the correspondence 

1 for HgO 
2 for OH 
3 for H2 
4 for Og 
5 for 11 
6 for O 
7 for He 

p at constant pressure 

>A- at constant entropy 

v at constant volume 
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1.       INTRODUCTION 

In order to complete the work on constant-volume combustion 
reported in Ref.   1,  it was felt that the equilibrium quantities such as the 
specific heat,  specific heat ratio,  isentropic exponent and the equilibrium speed 
of sound should be computed and incorporated in the results.    The same 
source of thermodynamic data was used (Ref.   2),  but all the thermodynamic 
functions including the equilibrium constants were introduced in the program 
in the form of best-fitted analytical functions. 

Instead of using the method of solution described previously 
(Ref. 1),  the final thermodynamic conditions were obtained through an 
iteration procedure based on the linearization of the equations (Newton-Raphson 
iteration).    This,  at the same time, provided a verification of the results. 

2.       BASIC EQUATIONS 

The general assumptions under which the calculations are 
performed have been described in Ref.   1. 

The initial mixture 

(2H2 + 02)   + m H2 + n He 

at temperature T- and the pressure p.,   is transformed to give, n. H-O + n„ OH 
+n3^2 ^ nA ^2 + n,- l\ + n^ O + n^ He.at temperature T and pressure p.    Tne 
symbols H2O,  OH,  etc.   represent one mole of HoO.   one mole of OH,  etc.    The 
equilibrium equations combined with the equations of conservation of mass of 
each chemical eiement yield the following equations: 

Bl^25^     +     B2V5^6+B3V25+    B4V2
6      ^ 5   + V6   + n_  -1 = 0   (1) 

nf 

2B1^25V6     '     B2V5V6    +     2B3V25    +     ^5   -     2<2 + mL    =0 (2) 
nf 

Ms   h     +   B2M6    +   2B4^6    +   ^6    -    ^    =     0 (3) 

and 

^     =     V2V6   p2 (4) 

V2    =     K2V5V6     P (5) 

3    "     -3 KoV.     p (6) ;) 

V.     .      K.^)2 
Kd^fi     P (7) 



j 

^7   =      ^ *»> 

from which the composition can be determined when the temperature and 
pressure are known.    In these relations,  the ^'s represent the molar concent- 
rations, the K's are the equilibrium constants based on partial pressures and 
the subscripts of the K's   refer to the following compounds! 1 to lUO,   2 to OH, 
3 to Hg and 4 to 02. 
The B's are written for: 

B    = K    p2 (9) 
1 1 

B. -- Kjp   (j   = 2,3,4) (10) 

The two complementary equations required to determine the 
final pressure and temperature express the conservation of density and 
energy,   i.e., 

P^    Pi ^ 

or 

and 

p =   'S 
Pi TinI 

(12) 

w 

nU     =   ni'Ji (13) 

or nf(H -     RT)   = ni   (II. -   RT.) (14) 

,    METHOD OF SOLUTION 

Equations (1)   to (3) arc linearized to provide a system from 
hich Vr. V r 

ancl nf    arc determined for any set of values,  p,   T, 

aiM^12^6   +   a^^^)    =ai0 (15) 

a2lW5  f a22iV 6   +   *2^{ln^    =   a20 (lß) 

*3^5  ra32^G   +   a33^ V     = a30 (17) 

The coefficients a:   are readily obtained 

a, ,      2HV rVr   +   H   Vr +   2B   Vr      t    1 (18) 
II 15     6 2     (> 3     5 



a 

a12   = V§   +   B2V5     t2B4VG    +     ' <19) 

a13   = n (20) 

10'-(B1ViV6   +   B2V5V6     ^3»2   .B4V2   ^5V5   +n   -0 

a21=4V5^6    +     B2V6   +   4B3V5   +   ' 

a22 = 2BlVi   +   B2V5 

a23"-2(2fm) 

a20= -(28,1)2 V6 + B2V5V6   +   2B3V2
5tV 

a31  =2BlV5V6   *   B2V6 

a32"Bl>'i   +   ^^S   +   4V6   +   ' 

a33 = " 2 

a30=-<B,V2
5V6   +B2^5^6t2B4V6tVG 

The linearized forms of equations (8) and (10) will provide the means of 
computing the temperature and the pressure 

bll^P   +   bi2<ST   =   b10 (30) 

^2lcJP   +   b224T   =   b20 <31) 

(21) 

1 (22) 

(23) 

(24) 

2(2 + m)  ) 

nf 
(25) 

(26) 

(27) 

(28) 

V' (29) 

with 

"n-iT-TTn'^ (32) 

b 
ini V^P/n 

12      Tin1       f ^f-lp) (33) 

bio = £   " rnf 
P:        TIT. (34) 

1 i  i 



m b21 = nfe + (H-RT)    f h   {\ (35) 

b      = n, (C      + d - R) + (H - RT)    ^ nf\ (36) 
22        f      P! 

b20 = nf (H ' RT) ' ni (Hi - RTi) (37) 

where -, 
H   (T) (38) 

T     '        J J =! \7P  / 
7 

d = -$.    MV3   \        .      H   (T) (39) 

P 
j= IVJT    7, 

and Cn   is the molar frozen specific heat,  i. e, 
pl 

7 
C      =     ^       V C   . (40) 

Pi       i -  ' J       PJ 
1       J      A J 

Wlien the composition, the temperature and pressure have been determined, 
the following quantities are computed: 

a)   the molecular weight 
7 

A-   *r^h (41) 

b)   the molar equilibrium specific heat 

C    =        U     Ljb\ (42) 

=   C       + d - H    (J U^\ 
P, T     >AWvT/ 

(43) 
* VyxT/p 

c)   the isentropic exponent 

- ( *[nP) (45) 

(   (1 + (jUA       R   (i - fA^^ )2  ^^ <46) 



d) the equilibrium specific heat ratio 

v- 
CP 
C 

V 

= 

3) the frozen i specific heat ratio 

c.. 

(47) 

(48) 

(49) 

vl 

C (50) 
Kl 

C    -R 
Pi 1 

f)   the frozen speed of sound (a ),  the equilibrium speed of 
sound (a) and a fictitious speed of sound computed using the equilibrium 
specific heat ratio instead of the isentropic exponent. 

1/2        X   - 1/2 

a, = R1^     (AI) (51) 1 o jj 

1/2 /  T   1/2 
a    = R  '      (     il   T)  ' (52) 

0 H 

1/2      VA T   
1^2 

a*   = R'^ (   V T) (53) 

2       -2 where R    is the universal gas constant for which the value 8314 m sec 
0K    gr.   nas been used. 

RESULTS 

and the dilutions 

Computations have been performe d for the initial conditions 

Ti = 298. 15 0K 

pi =   1.   ; 5.   ;  10.   ; 30.   ; 50.   ;  100.   ; 300.   ; 500. atm. 

1) m=0 and n varying from 0 to 12 in steps of 0. 5 
2) n=0 and m varying from 0 to 7. 5 in steps of 0. 5 



The results are given Tables 1.  and 2.  and some are presented graphically 
in Figures 1.  to 6.    Incidentally,  the intermediate results,  p,  T, nf/n., C    , 
HgO,  Oil, ,  constitutes a verification of the data tabulated in 1 
Ref.   1 (*).    A comparison is illustrated for the case T. = 298. 15 0K, pj = 1 atm. , 
m = n = 0.    The agreement is excellent. 

UTIAS T. N. 
Quantity This report NO.   85 

P/Pi 9.611 9.611 

T/T. 11.750 11.750 

nf/n. 0.818 0.818 

ft 14. 684 14. 684 

*! 
1.214 1.214 

"2° 

11.282 

0. 5560 

11.282 

0. 5560 

■^on 0. 1268 0. 1268 

\ 0. 1577 0. 1577 

*o2 0. 0486 0.0486 

^H 0. 0758 0.0758 

»o 0. 0351 0.0351 

The effect of temperature on the composition (characterized 
by the partial derivatives of the molar fractions with respect to temperature) 
leads to values of the equilibrium specific heat (Cp) appreciably higher than 
the values obtained neglecting the variations of the composition (C    ). 
difference between C    and C! ' 

P Pi 

The 

Cn - C 
p        P, 

7 

(#) AT /p 
n (T) 11 l^^H\ 

T     V,MnT' 

(*) Note - In Hef.   1.,  The value used for R    was slightly larger than the 
accepted value,  consequently all the values of a^ and a^ should be 
multiplied by the factor 0. 9902 to obtain the correct values. 



increases with decreasing initial pressure and decreases with increasing 
dilution.    The initial pressure has a much stronger influence on Cp than on Cp 
For m = n = 0,  CD is approximately five times as large as Cp, for p^ = 1 atm, 
and about three times for p^ = 100 atm.,  while the variation of Cp    remains 
of the order of 12% (see Fig.   1 and 2). 

The difference between the isentropic exponent ( 1) and the 
equilibrium specific ratio  (  0*) is as large as 10% for a stoichiometric mix- 
ture of hydrogen-oxygen and an initial pressure of one atmosphere.    This 
difference decreases rapidly with increasing dilution.    Although the 
difference between Cp and Cp    is found to be a maximum for l.he stoichio- 
metric mixture,  the values of the specific   heat ratios   Y* and    ^ are 
rather close in the neighborhood of m = n = 0.    In fact the difference   \ y* -X \ 
reaches a maximum for a value of the dilution index depending on the type of 
diluting gas and on the initial pressure.    For instance,  for hydrogen dilution 
and pj = 100 atm.,  this maximum is close to m = 2.    The isentropic exponent 
and the specific heat ratios are presented graphically in Fig.  3 and 4 for 
helium and hydrogen dilutions respectively. 

The various expressions for the speed of sound are represented 
in Fig.   5 for helium dilution and in Fig.  6 for hydrogen dilution.    According 
to the definitions (51),  (52) and (53), what has been said for the     ¥'s can be 
repeated for the sound speeds,  (see Fig.  5 and 6). 

5.    CONCLUSIONS 

The equilibrium specific heat ratio and the isentropic exponent 
have been computed for reaching gas mixtures composed   of stoichiometric 
hydrogen-oxygen diluted with helium or hydrogen.    The values of these 
quantities have been compared with the frozen specific heat ratio for initial 
pressures ranging from 1 to 500 atm.  and diluting index ranging from 
1 to 7. 5 in the case of hydrogen dilution,   and from 1 to 12 in the case of 
helium dilution.    In each calculation the initial temperature was chosen equal 
to 298. 15CK,  but the computer program does not include any such restriction. 

Differences of the order of ten percent,  were found between 
the isentropic exponent and the equilibrium specific heat ratio for initial 
pressure as high as one atmosphere.    In both cases of helium and hydrogen 
dilutions,   this difference   was a maximum for the stoichiometric hydrogen- 
oxygen mixture. 

The difference between the equilibrium and frozen specific 
heat ratios,  was a maximum for a dilution depending on the diluting gas and 
the initial pressure. 



In the case of helium dilution,  and p. = l.atm,  this difference 
reaches about  15% for a dilution index n of the order of 5. 5 (approximately 
65% of helium per volume in the initial mixture).    The different values of the 
speed of sound evaluated using the isentropic exponent,  the equilibrium and 
frozen specific heat ratios have also been computed and compared. 
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1.        Helium dilution,   (m - 0) 
Ti = 298. 150K 
Pi   =   1.   ; 5.   ;  10.   ; 30.   ; 50. 
n    = 0 to 12 in steps of 0. 5 

100.  atm. 

2. Hydrogen dilution,    (n = 0) 

Ti = 298. 150K 
Pi   =   1.   ; 5.   ;  10.   ; 30.   ; 50. 
m = 0 to 7. 5 in steps of 0. 5 

100.  atm. 

SYMBOLS USED IN TABLES 1 AND 2 

Tables   1 and 2 are the direct outputs of the computer.    The following symbols 
have been used: 

PI :   D. (atm) 

TI :   Ti (0K) 

N :   n 

M :   m 

CP1 :   C      (cal mole-1) 
Pl 

CP :    C     (cal mole-1) 

GAMI :*1 

GAM* = y* 

GAM :   y 

Al :   aj (m sec    ) 

A* :   a* (m sec'  ) 

A :   a (m sec    ) 

10 



PI' 1.000 

TIBLB 1     -     ' un i 
Tl=   29H 15        N- 0. 

N P/PI T/TI CP1 CP GAM1 GAM« GAM Al A« A 
0. 9.611 11.7"iO 11.2«? 5H.941 1.214 1.212 1.124 1551.7 1550.6 1493.7 
0.5 9.6<>1 11.5^1 10.280 48.795 1.240 1.200 1.131 1651.2 1624.3 1577.0 
1.0 9.629 11.329 9.556 41.473 1.263 1.19S 1.137 1735.3 1686.4 1646.9 
1.5 9.590 11.Ul 9.008 35.929 1.283 1.189 1.144 1807.0 1739.5 1706.2 
2.0 9.533 10.962 8.578 31.559 1.301 1.188 1.151 1868.7 1785.4 1757.0 
2.5 9.463 10.791 8.232 28.0)1 I.3J8 1.189 1.158 1922.1 1825.5 1801.2 
3.0 9.3B5 10.676 7.947 75.115 1.333 1,191 1.165 1968.4 1860.7 1839.9 
3.5 9.301 10.466 7.707 22.663 1.34 7 i.m 1-173 2008.8 1897.0 1874.1 
».0 9.211 10.309 7.503 20.578 1.160 1.200 1.181 2043.9 1920.0 1904.6 
it.S 9.117 10.155 7.327 18.781 1.372 1.206 1.190 2074.5 1945.1 1931.9 
5.0 9.0.9 '*.woi 7.173 17.221 1.383 1.213 1.199 2'01.1 1967.9 1956.» 
5.5 8.919 9.853 7.037 15.857 1.394 1.221 1.209 2124.0 1988.5 1978.<< 
6.0 8.816 9.70* 6.916 14.658 1.403 1.230 1.220 2   43.8 7007.4 1999.0 
6.5 8.710 9.556 6.808 13.598 1.412 1.740 1.231 2160.7 2074.H 2017.6 
7.0 8.60? 9.408 6.710 12.661 1.421 1.251 1.243 . 174.9 2040.7 2034.6 
7.5 8.*93 9.261 6.620 11.829 1.429 1.262 1.25* J186.8 2055.4 2050.2 
8.0 8.381 ?.115 6.539 11.088 1.437 1.27» 1.269 2196.4 2068.9 2064.5 
«.5 8.26H 8.969 6.464 10.431 1.444 1.288 1.283 2204.1 2081.3 2077.6 
9.0 8.15* 8.8?3 6.395 9.8*6 1.451 1.301 1.797 2209.9 2097.7 2089.5 
9.5 H.U38 8.677 6.331 9.326 1.457 1.315 1.312 2214.0 7101.0 7100.4 

10.0 7.922 8.533 6.272 B.865 1.464 1.329 1.32 7 2216.6 2112.3 2110.1 
10.5 7.805 8.3B9 6.216 8.457 1.470 1.344 1.342 2217.7 2120.6 2118.7 
11.0 7.688 8.246 6.164 8.096 1.476 1.358 1.356 2217.6 2127.7 2126.1 
11.5 7.57! 8.104 6.116 7.776 1.481 1.373 1.371 2216.3 2133.8 2132.5 
12.0 7.45* 7.964 6.070 7.495 1.487 1.387 1.386 2214.0 7138.8 7137.7 

PI» 5.000 

TI"   298.15        M- 

TABUS  1     -     PAOl  2 

N 
0. 
0.5 
1.0 
1.5 
2.0 
2.5 

3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
H.5 
9.(1 
9.5 

10.0 
10.5 
11.0 
11.5 
12.0 

P/PI 
10.146 
10.188 
10.174 
10.125 
10.053 
9.966 
9.867 
9.760 
9.647 
9.528 
9.406 
9.280 
9.151 
9.020 
8.888 
8.753 
H.618 
R.4R7 
8.346 
8.709 
8.073 
7.938 
7.804 
7.67? 
7.541 

T/TI 
17.713 
17.436 
17.181 
11.947 
11.716 
11.499 
1 1.789 
11.086 
10.887 
10.693 
10.502 
10.313 
10.177 
9.944 
9.7f,? 
9.582 
9.404 
9.777 
9.053 
8.887 
8.713 
8.54b 
8.383 
8.77? 
8.066 

CP1 
11.688 
10.594 
9.809 
9.718 
8.756 
8.384 
8.078 
7.877 
7.604 
7.416 
7.751 
7. 106 
6.977 
6.86? 
6.7,.8 
6.f 63 
6.576 
6.497 
6.473 
6.3rfc 
6.793 
6.735 
6.180 
6.179 
6.081 

CP 
47.355 
39.768 
33.45? 
79.048 
25.583 
??.787 
70.48? 
18.548 
16.907 
15.496 
14.278 
13.217 
12.789 
11.4 75 
10. '^ 
10.1?« 
9.571 
9.080 
S.64H 
8.767 
7.93? 
7.638 
7.379 
7.15? 
6.953 

GAM1 
1.705 
1.231 
1.754 
1.275 
1.294 
1.311 
1.376 
1.341 
1.354 
1.366 
1.377 
1.388 
1.398 
1.408 
1.417 
1.475 
1.433 
1.441 
1.448 
1.455 
1.462 
1.468 
1.474 
1 .480 
1.485 

GAM« 
1.209 
1.200 
1.196 
1.195 
1.197 
1.200 
1.205 
1.211 
1.218 
1.226 
1.236 
1.246 
1.757 
1.769 
1.781 
1.294 
1.308 
1.37? 
1.336 
1.350 
1.365 
1.379 
1.392 
1.406 
1.419 

GAM 
1.132 
1.141 
1.149 
1.157 
1.165 
1.174 
1.183 
1.193 
1.203 
1.213 
1.225 
1.237 
1.249 
1.262 
1.276 
1.290 
1.304 
1.319 
1.333 
1.348 
1.363 
1.377 
1.391 
1.405 
1.418 

Al 
1588.4 
1691.•( 
1777.6 
1850.8 
1913.2 
1966.8 
2012.9 
7057.6 
2086.8 
2116.1 
2141.2 
2162.5 
7180.4 
2195.2 
2207.4 
2217.1 
2224.5 
2229.9 
2233.5 
7235.4 
2235.9 
2235.1 
2233.0 
2229.9 
2725.9 

A" 
1590.9 
1669.9 
1735.9 
1791.9 
1840.0 
1881.8 
191H.4 
1950.7 
1979.3 
2004.9 
2027.8 
2048.5 
2067.2 
2084.0 
2099.2 
2112.9 
2125.2 
2136.0 
2145.5 
2153.7 
2160.6 
2166.2 
2170.4 
2173.5 
7175.4 

A 
1539.9 
1628.3 
1701.5 
1763.2 
1816.0 
1861.5 
1901.2 
1936.1 
1966.9 
1994.4 
2019.0 
2041.0 
7060.8 
7078.7 
7094. I 
2109.7 
2122.0 
2 m.4 
2143.4 
2151.9 
2159.1 
2164.9 
2169.4 
2172.6 
2m.7 

TABUS 1 PIG1  7 
PI = 10.000 

TI«   29« .15        M« 0. 

N P/PI T/TI CP1 CP (.AMI GAM« GAM Al A« A 
0. 10.375 13.149 11.877 43.064 1.201 1.707 1.136 1603.6 1607.6 1559.t 
0.5 10.423 12.843 10.738 35.75? 1.777 1.700 1.145 1708.1 1689.0 1650.1 
1.0 10.408 12.560 9.973 30.496 1.750 1.197 1.154 1795.4 1756.8 1724.9 
1.5 ;o.i54 12.296 9.311 76.523 1.271 1.19H 1.163 1669.1 1814.2 1787.7 
2.0 10.275 12.044 R.H33 23.400 1.290 1.201 1.172 1931.7 1863.4 1B41.2 
2.5 10.179 11.8^4 B.45P 70.B7Q 1.307 1.705 1.182 1985.3 1905.9 1887.3 
3.P 10.070 M.577 8.135 18.805 1.373 1.711 1.191 7031.1 1947.9 1927.3 
3,5 9.951 11.347 7.871 17.066 1.338 1.718 1.202 2070.4 1975.6 1962.4 
4.0 9.826 11.178 7.646 15.593 1.351 1.726 1.213 2104.0 2004.4 1993.3 
4.5 9.696 10.914 7.452 14.329 1.364 1.236 1.224 2132.7 2030.1 2020.8 
5.0 9.561 10.704 7.283 13.239 1.375 1.246 1.236 2157.0 2053.0 2045.1 
5.5 9.423 10.497 7.134 12.79? 1.386 1.257 1.249 2177.4 2073.4 2066.8 
6.0 9,78? 10.794 7.007 11.467 1.396 1.269 1.262 2194.4 2091.8 2086.3 
6.5 9.140 10.094 6.883 10.744 1.406 1.281 1.276 2208.4 2108.2 2103.6 
7.0 B.996 9.896 6.776 10.110 1.415 1.294 1.290 2219.5 2122.8 2119.0 
7.5 8.850 9.702 6.678 9.554 1.424 1.308 1.304 2228.2 2135.8 2132.6 
8.0 8.705 9.510 6.590 9.064 1.437 1.322 1.319 2234.7 2147.2 2144.6 
8.5 H.559 9.371 6.508 8.634 1.440 1.335 1.333 2239.1 2157.2 2155.0 
9.0 8.414 9.115 6.433 8.757 1.447 1.350 1.348 2241.8 2165.6 2163.8 
9.5 8.769 8.953 6.364 7.976 1.454 1.364 1 . 362 2242.9 2172.6 2171.1 

10.0 8.125 8.774 6.300 7.634 1.461 1.378 1.377 2242.5 2178.3 2177.0 
iJ, 5 7.983 8.599 6.741 7.378 1.467 1.392 1.390 2240.9 2182.5 2181.5 
1.0 7.84» '(,<, 'H 6.185 7.154 1.473 1.405 1.404 2238.1 7185.5 2184.7 

. ,    '") 7.705 8.761 6.131 6.958 1.479 1.418 1.417 2234.4 7187.3 2186.6 
1?. i 7.570 8.099 6.085 6.7Rf, 1 .485 1.430 1.429 2229.R 71B7.B 2187.2 

] 1 



PI« 
MBU 1 -    PASS 4 

I-   29" 15         M.      0. 

N P/PI T/Tl fPl CP (.AMI CAM* GAM Al «i A 

0. 10.711 1.858 12.191 17.098 1.195 1.204 1.14 1 1626.7 1612.7 1589.7 

o.". 10.789 1.499 10.975 10.«71 1.221 1.200 1.152 1733.6 1718.3 16H3.H 

1.0 10.77? 1.167 10.108 26.40t 1.245 1.200 1.162 1822.4 1789.i 1761.1 
1.5 10.710 2.856 9.460 21.031 1.266 1.202 1.173 1896.8 1848.7 1825.6 

2,0 10.617 2.561 8 .9S6 20.392 1.2R5 1 .207 1.181 1959.7 1899.4 1880.3 

Z.5 10.50'. 2.27Q 8.5-^2 18.261 1.101 1.214 1.194 2013.0 1943.1 1927.2 

1.0 10.177 2.00« 8.221 16.5n 1.119 1.221 1.205 2058.4 1980.9 1967.7 

J.5 10.?19 1.746 7.944 15.051 1.134 1.230 1.217 2096.8 2013.9 2001.0 
"..0 10.094 1.492 7.709 1 1.814 1.347 1.240 1.229 2129.4 2042.9 2033.8 

*.5 9.9«. 1 1.244 7.506 12.758 1.160 i.251 1.242 2156.8 2068.5 2060.9 

5.0 9.788 1.002 7.110 11.«50 1.172 1.262 1.255 2179.8 2091.0 20«4.7 

■■.s 9.610 0.76' 7 . ' 74 11.064 1 .181 1.275 1.26« 2198.« 2110.9 2105.7 

6.0 9.470 0.514 7.016 10.181 1.194 1.288 1.282 2214.3 2128.5 2124.2 

6,5 9.108 0.1O7 6.912 9.786 1 .4(11 1.101 1.297 2226.7 2144.0 2140.4 

7.0 9.U6 0.085 6.M01 9.267 1.411 1.115 1.311 2236.3 2157.4 215-.4 

7.1. «.984 C,.B6H 6.700 H.811 1.422 1.129 1 . 326 2243.5 2168.9 2166.6 

N.O 8.821 .655 6.608 8.4 16 1 .410 1.141 1 .140 224«,4 2178.8 2176.« 
H.1) 8.661 9.447 6 . 5 ? x B.l 68 1 .438 1 . (57 1 .155 2 ? 5 1,. 5 21fl6.9 21«5.3 

9.0 B.504 9.245 6.447 7. 764 1.446 1.170 1 .169 2252.8 2191.4 2192.1 

■I.5 8.14 7 9.047 6.176 7.497 1 .4^ 1 1.1R4 1 .183 2252.5 2198.5 2197.4 

10.0 8.191 8.8^5 6.110 7.261 1.460 1 . 197 1.396 2251.0 2202.2 2201.) 

10.5 8.04 1 8,668 6.249 7.059 1 .466 1.410 1 .409 2248.3 2204.4 2201.6 

1 1.0 7.892 8.486 6.192 6.879 1.471 1.422 1.421 2244.6 2205.4 2204,H 

11.5 7. 747 8.110 6.119 6.7?? ] .hit 1 .411 1 .432 2240.0 2205. 1 2204.6 

12.0 7.605 8. 140 6.089 6.584 1 .484 1 .444 1.441 2214.6 2201.8 2 2 01.4 

TABLE 1 PAGE 5 
PI« «O.OflO 

T|.    298 .15        M. O. 

H P/PI T/T] CP1 CP r,»wi GAM» GAM Al A« A 

0. 10.891 14.192 12.145 14.655 1.192 1.202 1.141 1536.« 1641,5 1601,1 
0.5 10.954 1 3.8(15 1 1 .087 2H.H7fc 1.218 1 . 190 1.155 1744.9 1731.2 1698,9 
l.o 10.917 1 1.44« 10.]n5 24.710 '.242 1.701 1. 166 1«)4.  . 1803.5 '.777.1 
1.5 1O.R^O 13.113 9 , * ?Q 71.616 1 ,76 1 1.205 1.177 1909.1 1«64,7 1842.1 

?.n 10,•710 12.706 7 , O 1 ? 1 9 , 1 "»7 1.281 1.711 1.1«« 1972.0 1915.6 I 898.0 
2.5 10.649 12.401 8 , c nQ 1 ■'.70-' 1.101 1.718 1.200 2025.2 1959,7 1945,7 
1.0 10.512 12.201 «,260 1 5,'O? 1.117 1.226 1.212 2070.2 1997,9 19M5,H 

».5 10.165 11.92 2 7.977 14,, 45 1,312 i./r35 1.224 210«.2 2011,0 2021,1 
4.0 10.209 11.6*0 7. "■ 17 11,106 1,145 1.24 7 1.237 2140.1 2060,0 2 0 5 1,8 
4.5 10.04 9 1l.l»6 ■','10 12,116 1,159 1 .25« 1.250 2 16 7.1 2085,5 2 0 7 8,6 
5.0 0 .804 !1,1?9 7,140 11,lOt 1,17 1 1 ./""O 1 .761 7 1 » 9 . 4 2107.7 7107,1 
5.5 9,717 1O.«7« -',]'•'< 10.583 1 . <«? 1 .7M1 1.277 2207.7 212 7,1 7 122,(, 
6.0 9.547 10.614 7.050 9,950 1.392 1.296 1.292 2222.5 2 1 4 4 , 4 7 140,5 
5.5 9.178 10.19' 6,92' 9,4 1 ■> 1.402 1 .110 1.106 2 2 14.2 2159,2 .156,0 
7.0 9.20« 10.162 5.«li «.944 1.412 1 . 124 1.12 1 2 2 4 1.1 2172,0 2169.4 
7.5 9,01« 9 ,g 14 6,709 8,511 1.421 1,338 1,135 2249.6 7 1 8 ,' , H 71 MO,6 
H, n H.lfn 9,711 6.61' «,'.71 1.479 1.157 1.350 2 2 51.9 2191,8 7190,1 
8.5 8.701 9.497 6 , ' 1 0 1,85i 1.417 1.165 1 . 164 2256.1 2199,0 2 19 7,6 
9.0 8.519 9,287 6.452 7.580 1 .445 1 . 179 1. 177 2257.0 2204,7 22 01.5 
9.5 8.377 9.0«1 6.3«0 7,33« 1.452 1. 19. 1 . 191 2256.1 2.08,9 2207.9 

10.0 «.21« 8,885 6. M 1 
1, 127 1.4-9 1.405 1 .404 2 2 54,2 2U1,5 2 2 1 0 . H 

10.5 «.061 8,604 6.2'- 1 6,041 1 .466 1.41 ^ 1.416 2 2 5 1.1 2212.9 2 2 12.1 
11.0 7.91 ! 8,508 6. 194 5.77a 1.477 1 .42« 1  .4?7 17 4 7,0 7?!i,0 17 17.' 
1 1.5 7, 761 8.128 6.14 1 6,616 I.478 1 .419 1.438 2 242.0 2212,0 22 11.5 
12.0 7.61« 8,1^5 6.09 1 6,510 1.484 1.449 1.449 ^2 16,4 

7iSU  1 

2209,9 

-     PACE 

2209.5 

6 
PI« 100.000 

TI.     7 08,1'           M. C 

N P/PI T/T 1 rpi rp .AMI GAM» GA" Al 4, A 

0, 11.100 14,645 12,5'7 31.669 . I«« 1 , 199 1. 146 164 9,8 1657.4 1520,4 

0.5 11,171 14,7 18 11,241 25.43« .215 1 . 199 1.159 1759,4 1748,0 17 18,6 

1,0 11 ,r 2 11,87 1 lo.Mi 77.'01 .2 19 1.202 1.171 1H49,7 18 2 2,1 1798.6 

1 .'- 11.079 1 1,4'4 0,677 10.800 .260 1.208 1 .183 1924,9 18 8 4,4 1«65. 1 

2.0 10,960 13.1"5 9,0« 7 17,694 .2«0 1.215 1 . 195 1987.8 1915.8 197 1,1 

7.' 10,815 I?.7-74 8 .660 1',078 . 7 98 1.774 1 .208 2040.8 1981,5 196«.7 

3.0 10,686 12,4" 8.110 14,481 .114 1.211 1.220 20M5. 1 2020,0 2009,4 

1.5 10,526 12,149 8.010 11,275 . 179 1 .744 1.233 2122.7 205 1, 1 2044.6 

4.0 10.157 1 1 ,8' 1 7.777 12,250 .144 1.766 1.247 2154.0 2082,2 2075,0 

4.' 1 0 , 1» 7 1 1.".7 1 , "O 1 1 , 104 , 1 ( 1 ' ,258 1.251 2179,9 210 7,1 2101.4 

5,0 10,004 11.780 1,114 1 0 , 6 '- 1 . 169 1,781 1.275 2201,1 2129,2 2124,1 

'.' 9,824 ll.OlO 7,212 10,01' .180 1 ,294 1.289 2218,7 2148. 1 7144.1 

6.0 9.54 1 10.7'7 7.06» 9,467 .'91 1, 108 l.SO* 2212.5 2164.4 2161.2 

6.' 9.452 10.507 5,919 8,081 .40 1 1. 12 1 1.318 2243.2 2178,4 2175,7 

7.0 9,282 10.255 6.«24 8.567 .41  1 1. 115 1 . HI 2251,7 7190,1 21««.O 

'.'- 9,101 10.015 5,119 8.704 .420 1 . 349 1.147 2256,8 7199.9 2198,1 

M , 0 8,926 9,787 6,67- 1,88'' .4 79 1 .151 1.151 2250,3 2207,7 2205.1 

8.5 8,75) 9."6 6 ,' ,7 7,610 .4" 7 1 . 176 1.175 2262,0 2211,« 2712,7 

9.0 8,5«0 9,117 6.458 7, 169 .444 1.189 1 . 18« 2252.0 221«,1 2217,1 

9. 5 8.412 9, 125 5. 185 7,157 .4'2 1.402 1 .401 2250,5 7221.2 2220.4 

10.0 8.24« 8,921 6,11 7 6,971 .459 1.414 1.411 2258.0 2222.7 2222,1 

10.5 8.0«8 8,171 6,7" 6,«08 ,''66 1 .425 1.424 2254,3 2222.9 2222,4 

ll.o 1 , 0 17 8,511 6,107 6,66' ,4 72 1 .416 1.435 2749,7 7771.9 7771 .' 

11.5 7, 780 »,149 6,141 6,519 ,478 1 .446 1 .446 2244.4 7219,9 7219.5 

12.0 7.S 1 ■ «,li2 6 .001 6,47« ,484 1 .456 1.465 2218,4 2 2 15,9 22 15.6 
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TA3LE 1 PAGE 7 
PT=         1 on.noo 

TI«     ?9H .15          M. 0. 

N P/Pl T/Tl CP1 CP GAMl GAM» GAM i 1 A» A 
0. U.407 15.349 12.H97 27.654 1.182 1.194 1. 150 1668,1 16 7 6.8 1645.4 
0.5 11.492 14.^3 11.485 23.164 1.209 1 . 198 1,165 1780.5 177?.? 1747.'. 
1.0 11.471 14.30^ 10.49ft 19.171 1.234 1 .204 1 .179 187?,1 1849.8 18 10.1 

l.S 1 1 .3«6 13.169 9.764 17.587 1 .2^6 1.212 1 . 192 1947.» 1914.1 1H98.3 

2.0 11.261 13.56« 9.199 15.725 1.276 1 .22? 1.206 2010.6 1968.0 19 5 5.2 
2.5 U.10H 13.1R7 8.750 14.235 1.294 1.233 1.220 2063.0 2013.6 2003.2 

3.0 10.937 12.823 M.3M4 13.016 1.3)1 i.244 1.234 2106.7 2052.5 2044.1 
'.5 10.755 12.475 8.0«0 12.005 1.126 1.256 1.248 2143.0 2085.8 2078.9 
4.0 10.564 12.141 7.8?? 11.154 1.34] 1.269 1 .262 2173.0 7114.3 2108.7 
i..? 10.36» 11.870 7.601 10.433 ! .354 1.2H? 1.277 2197.6 2138,8 2 1 14.3 
5.0 in. 170 11.510 '.409 9.818 1.167 1 .296 1.292 2217.6 2159.7 2136.0 
5.5 9.971 11.212 7.241 9.288 1.37H 1.310 1.306 2233.5 2177.3 2174.5 
6.0 9.7^2 10.924 7.092 H.H32 1.389 1.324 1.321 2245.9 2192.4 2190.0 
6.5 9.57*. 10.646 6 .959 H.437 1.400 1.338 1.335 2255.2 2204.9 2202.9 
7.0 9,37g 10.3-'H 6.K40 8.094 1 .409 1 .35? 1.350 2761 .9 7 715.0 771 3,4 
7.5 9.187 10.119 6.7^ 7.796 1,419 1.365 1.363 2266.3 ?2?3,0 7721.-' 
8.0 H.99H 9.870 6.535 7.516 1.428 1.37H 1.377 2268.6 2229.0 2 2 2 7.9 
H.5 H.HI 3 9.631 h.^'tl 7,309 1.436 1.391 1.390 2269.2 2233.2 2232.4 
".0 8.632 9.400 6.466 7.110 1 .444 1.403 1.402 2268,? 2231.9 22 35.2 
9.5 S.456 9.178 6.391 6.93fc 1.451 1.414 1.414 2266.0 2237.0 2236.3 

lO.o R.?fl5 R.9f.^ 6. <?3 6.7R1 l^'S 1 .425 1.425 2262.6 2236,9 7736.5 
10.5 8.119 fl,7<-n 6,2^0 6 ,64» 1 ,465 1 .43ft 1 .435 225H.3 2235,5 22^5.2 
1 1.0 7.95H 8.564 6.200 6.l:.?9 1.472 1.446 1.445 2253.1 2231.1 2232.8 
11.5 7.802 8.373 (..146 6.423 1.478 1.455 1.454 2247.3 2229.7 2229.4 
12.0 7.651 8.194 6,09':. 6.329 1.484 1 .463 1.463 2240.8 2225.4 2225.2 

PI«   5"O.0OO 

TI= ?9«.1*    K 

TABLE 1 PAGE 8 

N P/PI T/TI CP) CP GAM1 GAM» GAM Al A» A 

0. 11.538 15.664 13.03' 26.063 1.180 1. 192 1.151 1676.0 1684,7 1655,8 

0.5 1 1.630 15.1^ 11.c96 21,8"'4 l^O7 1.19 7 1.167 1789.3 1782,3 1759,7 

1.0 11.60R 14.648 1O.CTR 18.004 1.711 1 .70' 1.182 1881.5 1861,5 1843,5 

1.5 11.518 1 4 . 1 " •'. 0,87"' 16,38? 1,1'., 1.71' 1.197 1957,4 1976,8 1917.4 

2.0 11 .384 13.767 9.249 14.955 1,274 1.225 1.211 2020.2 1981.4 1969.8 

2.5 11.223 13.363 8.789 13.575 1.292 1.237 1.225 2072.3 2027.4 2018.0 

3.0 1 1.04? 12.9-'9 8.416 12.447 1.309 1.249 1.240 2 115.6 2066.4 2058.8 

3.5 10.849 12.612 8.10' 11.514 1. 325 1.262 1 .254 2151.3 2099.6 2093.4 

4.0 10.64Q 17.260 7 . 8 4 T in.7?" 1.339 1.273 1 .269 2180.8 7177.9 2122.r 

4.3 10.444 1 1 .Q?3 7.618 '0.066 1.3'3 1.289 1.284 2204.7 2151,9 2147,9 

5.0 10.237 11.6O0 7 .4? * 9.500 1,366 1.303 1.299 2224.1 2172,4 2169.1 

5.5 10.029 11.288 7.23^ 9.014 1.37 7 1.317 1.314 2239.4 2189,5 2186.9 

6.0 9.82 3 10.989 7.1C1 8.595 1.389 1.331 1. 328 2251.1 <; 2 0 3 . H 2201.7 

6.3 9.61 « 10.70? 6.96"' 8.?3-> 1 . Tnq 1 .14' 1. 343 2259.9 2215.5 2213.7 

7.0 9.417 10.'.?' 6.841 7.9 r 1 .409 1 .358 1 .356 2266.0 22?4.H 2223.4 

7.5 9.719 i n. ic 9 6.718 7.646 1.418 1.371 1.3 70 2269.8 2232.0 2230.9 

8.0 9.025 9.904 6.640 7,408 1.427 1. 384 1.383 2271.7 2237.2 2236.3 

H.5 8.836 9.6^9 6.5 50 7.19" 1.435 1. 396 1. 395 2271.9 2240.7 2240.0 

9.0 8.632 9.4?4 6.468 7.01-' 1.443 1.408 1.407 2279.3 2-;42.6 2242.0 

9.5 8.4^2 9.198 6.393 6.856 1.431 1.419 1 .419 2268.0 2243.0 2242.5 

10.0 8.?99 8.981 6.374 6 . 7 1 ■=■ 1.4'8 1 .430 1.429 2264.3 2242.2 2241.8 

10.5 8.130 8.774 6.761 6 . ^ 9 0 1 .46' 1.440 1.439 2259,7 2240.2 2239.9 

1 1.0 7.967 8.31'. 6.202 6.480 1.47? 1 .449 1 .449 2 2 34. 3 2237.2 2237.0 

11.5 -.810 8, ^84 6.147 6.38? 1.478 1 .458 1 .458 2248,3 2 233.3 2 2 3 3.1 

12.0 7.658 8.201 6.096 6.294 1.484 1 .466 1.466 2241,7 2228.6 2228.5 
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Pf 1.000 

Tl-   P"»«. 1*         N- n. fAILE ?     -     Pa«p   1 

M P/PI T/TI rpi rp «AMI r.AM»         ( >*M «1 A« A 
0. ■».All 11.7'.n 1l.?H? ••8.941 l.?l«> 1.717 .17* 1551.7 1550.6 1*91.7 
o.1. "».öl* 1 1.6*7 11.19? 'it.79'. 1.716 1.705 .176 165*.8 16*7.6 1597,* 
1.0 9.^?-< 11.«.Hl 1 1 .06<' **,7^7 1.Z19 1.191 .110 1719,* 1719.7 167*,8 
l.s 1. 16T t1.199 10.91? l'^'.ft 1.771 1.180 . 116 I808.8 1777,7 1 7*3,9 
?.o "J. 1 7f, 10.»7'. 1A.7«.', 79,161 1.777 1.176 .1** 1866.1 1877.0 1807.7 
2.^ R.-Jfcl 1 I.MI in,,i97 7*.,>H'i 1.711 1.176 . 151 1911,6 1870.1 1851 ,9 
LO H.7<.0 10.190 10.««'' ?].0's? 1.71^ 1.179 .167 195).3 190H, 1 1H9*,6 
l.«! « . •> 1 7 9.ÄM 10.790 18.16(, 1.719 1,18* . 177 1986.7 19*1.7 1931 .6 
*.n H.7H'. 9^70 i n. i«. i 16.7'(, 1,?** 1.19? .181 7011.6 1971,1 1961.7 
*,i fl.O«)? 9. 197 10.000 1<>.616 1.7*8 1.700 . 19* 7035.9 1996,8 199],* 
s.o 7.«11 H.HHI, 9.«6? 11.1*1 l.?*.? 1.710 .705 705*.1 7019,1 7015,1 
s.'. 7.611 8.r>«^ 9 . 7 T H 17.119 1.7^7 1.770         1 .717 7068,5 7018,7 7015.5 
6.0 7. 19'J H.79? 9.600 11. 'l 1'. 1.761 1.710 .778 7079,7 705*.? 7057.1 
6.' T.l^I 8.016 9 . '. 7 7 10.8H? 1.765 1.7*0 .738 7088.1 7067,3 7065.9 
?.o 6.990 7.7S1 9.161 10.186 1.770 1.7*9         1 .7*8 709*.6 7077.7 7076.7 
y.") 6.79« 7.^0* 9.2'.0 9,09» 1.77* l.?".-"         I .757 7099.0 7085.6 708*.9 

D| . ■i.000 

Tl-    79» 15          N' n. 

M P/Pl T/Tl rpi f P «AMI GAM« r.AM Al A« A 
0. 10.1*6 17.711 1 1.688 *7.15* 1.705 1.709 1.117 1588.* 1590.9 1519,9 
0.5 10,1*1 17.670 1I.^"* *1,nis 1.707 1.707 1. 115 1691.1 1689,S 16*1.9 
1,0 10.011 17.1?9 1l.*15 1*,808 1.71 1 1.189 1.140 1 777.>• 176 1,1 1 7?5,I 
1.5 9.807 1 1.916 11.719 77,881 1.715 1.181 1. 1*8 18*5,1 1819,? 1 791.'; 
7.0 9,560 il.5n7 11.01* 77.964 1.770 1.180 1 . 158 1899.7 1868,5 1850.* 
7.5 9,791 11.059 10.815 19.49". 1.775 1.184 1 . 168 19*4.1 1910.9 1898.i 
1.0 9.018 10.677 10.670 16.976 1.710 1.190 1 . 179 1980.7 19*7,1 1918,? 
1.5 H.747 10.I^ 10.41* 15.097 1.715 1.197 1.190 7009.6 1978.5 197?,/ 
*.o H.*70 9, 79* I0.?'7 11.671 1.740 1.706 1.701 7011.1 7005.2 2000.7 
*.5 8.70* 9,409 10.088 17.57 1 1.745 1.716 1.717 7057.7 7077.7 202*.6 
5.0 7.9*7 9 . 04 5 9.979 1 1.737 1.750 1.725 1.723 7067.1 70*6.* 7044.' 
5.5 7.699 8.707 9.778 11.086 1.755 1.715 1.711 707H,R 7061.7 7060.1 
6.0 7.*61 8, 180 9,6l7 10,^79 1.760 1.741 1.7*7 70H7.7 7071.9 707?.9 
6.5 '.718 8.079 9.504 10.1HO 1.764 1.751 1 .750 7094.1 7081,/. 7087.7 
7.0 '.07* 7, 798 9, 1P0 9,8f,4 1.769 1 .759 1.758 7099,0 7090.6 7090.1 
r. 5 6.87? 7.'. V, 9,?f.1 9,611 1.771 1.761 1 .765 ■ '10?.1 

'APLI 

2095,8 

; ?   - 

7095.^ 

Page   ? 
p 1 ■ o,ooo 

TI>    798 ,15          N* o. 

M P/Pl T/T! rpi CP «AMI r,AM» CiAM «1 A» A 

0. 10.175 11.1*9 1 1 .877 41.064 1,701 1.707 1. 116 1601.6 1607.6 1559.6 

0.5 10.16* 11.017 1 1 .76' 18.875 1,701 1.700 1. 119 1709.2 1706.6 1662.7 

1.0 10.715 17.69' 11.■7' 11.17? 1.707 1 . 188 1.1*5 1797.8 177,1,1 1741.9 

1.5 9,981 17.7*7 1 1 .148 75.011 1.717 1.187 1.154 1859.? 1816.0 1811.7 

7.0 9. 708 11.751 11 .170 ?0,7\ly 1.718 1.181 1.164 1917.1 1 88*.8 1869,1 

7.5 9.*l•. n.7'7 10.897 17.780 1.771 1.187 1.174 1955.1 1926.* 1915,9 

1.0 9.116 10.777 10.685 15.6«* 1.228 1.194 1.186 1989.6 1961.8 1954,5 

1.5 8.870 10.118 10.484 14.066 1.21* 1.701 1.197 7017.1 1991.8 1986,' 

4.0 8.510 9,8«4 10.?"* 17.87n 1.210 ; • ? i ? 1.708 7019.5 7016.9 7011.1 

*.' 8.749 9,4^5 10.116 1 1 .9'6 1 ..'44 1.771 i.; 1 8 7057.1 7017.9 7015.5 

5.0 7.980 9.097 9.949 11.784 1.750 •..710 1.779 7070.9 70I.5.0 7051.4 

5.5 7.774 8. 7^,• 9. 7"1 10.748 1.755 1.71° 1.738 7081.6 7068.7 7067.7 

6.0 7,480 8.4 9* 9.f,4 7 10.110 1.759 1.747 1.7*6 7089.8 2079.6 7078.9 

6.5 7.750 8.095 9.51 1 9,99H 1.764 1 .?■>* 1 .754 7095.8 7087.9 2087.4 

7.0 7.011 7.809 9.184 9,71? 1.769 1.76 1 1.761 7100.7 2094.0 7091.7 

7,«; 6.H?H 7,5*4 9.766 9... ' «. 1.771 1.767 1 ,767 7101.1 7098,4 .'098. 1 

Pl- 10.000 

TI«   798 .15         N" 0. 

M P/PI T/TI rpi fP SAM1 GAM» f.»« «1 A« A 

0. 10.711 11,818 17.191 17,095 1.195 1.704 1.141 16?6.7 1617.7 1589,7 

0.5 10.70 7 11.701 17.018 17.96" 1.197 1.196 1. 1*5 1712.9 1712.0 1694.7 

1.0 10.516 11.719 11.816 76,198 1.707 1.186 1. 157 1815.1 1807.9 1777.0 

1.5 10.715 17.695 11.141 71.206 1.708 1 .184 1. 167 1879.7 1860.2 18*1.2 

7.0 9.911 17.104 I1.769 17,88t 1.714 1.187 1.171 1979,6 1908.0 189,..,8 

7.5 9.577 11.577 11.010 15,M8 1.720 1.19* 1.1H4 1969,7 1948.0 19*0.5 

1.0 9.74? 10.979 10.769 14,"'09 1.776 1.702 1. 196 7001.5 1981.* 1976.* 

*.1 8.916 10.46 7 10.541 12.Hl? 1.717 1.211 1 .707 7076.9 7009.0 7005.7 

4.0 8.601 9.9"! 10.119 11.956 1.718 1.770 1.717 70*7,0 7011.8 7029.6 

4.1 8.301 9.511 10.147 11.?9] 1 .744 1.228 1.727 7067.8 2050.2 70*8.8 

5.0 8.018 9. 1 46 9.97] 10.'«P 1.749 1.717 1.716 7075.7 7065.1 7064.1 

5.« 7.710 8.771 9 .808 10.1H0 1 .?' 4 1 .74H 1.7** 7084.8 7076.8 7076,1 

6.0 7.499 8 . 4 ? 9 9.618 10,061 1.?'9 1 . 71 ? 1.751 7092.1 7 081,8 7081.4 

6.' 7.761 8.111 9.118 9.«06 1.764 1 .?'-8 1.758 7097.5 2097,7 2097.4 

7.0 7.0*7 7.871 9. 190 9,194 1,768 1 .764 1.76* 7101.4 709',7 7 0'>7.5 

7,1 6.8 14 7.1'? 9.7 '0 9.411 1.771 1.769 1.769 7104.0 7101,7 7101.1 
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M 

0. 
0.5 
1.0 
1.5 
2.0 
2.5 
1.0 

5.0 
5.5 
6.0 
i..c 

7.0 
7.5 

P/PI 
10.R91 
10.«58 
10.6«. <• 
10.11" 
9.«na 
9.6<.0 

H.950 
H.f/.'b 
H.119 
H.010 

7.5P^ 
7.?67 
7.0'.* 
6.H^6 

T/TI 
l't.lO? 

i^.on 
1 1.50H 
l?.«Rf. 
12.247 
I1.61? 
11.055 
10.'20 
10.07H 
9,«.77 
9.164 
8. ^R 5 
R . 'l 1 H 

R.1T9 
7.R7'. 
7.1.t,5 

CPI 
1?.1«5 
12.107 
I 1.976 
11,674 
11.110 
1 1 .05'. 
in.ROI 

10.'6« 
10.'^ 
10.15B 
9.97H 
O.HI "> 
9.».61 
q , 5 71 
1, •">' 
9.771 

f P 
14.657 
10.561 
74.7 1« 
1",717 
16.Rl1 
1 4 . R ? 7 
n. 4 r * 
1 2 . 4 C1 
1 1.64] 
1I.06^ 
10.615 
10.76? 

O.OTfl 
9 . 7 /, t, 

9.550 
9,184 

CAM) 
1.192 
1. 105 
1 .700 
1.706 
1.711 
1.219 
1 .775 
1 .717 
1.71R 
1.741 
1 .249 
1 .754 
1 .759 

'64 
'6« 

1.771 

GAM» 
1,202 
1,194 
I ,}*'' 
1.1R5 
1 . 1R9 
1 . 1 9ü 

1 .705 
1.714 
1 .72? 
1 .711 
1 .719 
1.246 
1.251 
1 .250 
1.265 
1,270 

CAM 
1, 141 
1.147 
1.155 
1 . 166 
1.177 
1. 189 
1.700 
1 .710 
1.720 
i.710 
1 .21H 
1.746 
1.251 
1,?59 
1,765 
1,770 

Al 
1616.8 
1741.1 
1824.5 
1887.1 
1916.4 
1975.2 
7005.9 
2010.1 
7049.6 
7064.H 
2076.6 
20R5.R 
2092.8 
?09fl.l 
2101.8 
7104.1 

*• 
16A1.5 
1742.9 
1811.A 
1870.4 
1917.5 
1956.6 
1988.9 

2015.5 
^017.1 
2054.6 
2068.6 
2079.5 
2087.9 
?09»>,1 
7098.9 

2102.1 

A 

1601.1 
1708.1 
1790.4 
1H55.6 
1907.9 
1950.1 
1984.8 
2012.7 
2015.1 
2051.* 
2067.8 
2078.9 
2087.6 
2094.1 
2098.7 

2102.0 

PI» 100.000 

TI«   700.1*         N= o. 

M P/PI T/rr CPI CP QAMl CAM» GAM Al A» A 
0. 11.100 14.645 17.557 11 .669 1 .188 1 .199 1. 146 1649.8 1657.4 1620,4 
0.5 1 1.05J 14.422 12.1H( ?''.6l1 1.191 1.19? 1. 150 1756.1 1756.5 1725.9 
1.0 10.H05 11.877 12.070 21.855 1.197 1.185 1.160 1R16.0 1876.5 1807.2 

1.5 10.464 11.171 1 1 .77« ifl.m* 1.704 1 .186 1.171 1897.0 1882.8 1870.« 

2.0 1n.oor 17.417 1 1.40-> 1'.*90 1.71 1 1.19? 1.181 194 4.1 1978.9 1921.1 

7.5 9.71 1 11.751 11.105 11,945 1.718 1,700 1 . 1 94 198 1.5 1966.6 1961.8 
1.0 9.14 1 1 1 . 1'. P 10.816 12,786 l.??5 1.7PR 1.705 2010.8 1997.5 1994.4 

3.5 8 .987 10.570 10.50? 11,941 I.??! 1.717 1.215 2014.0 2022.7 2020.6 

4.0 8,652 10.069 10.TM 11,109 1.717 1.226 1.224 2057.1 7041.0 2041.7 
4.5 H.118 9. 604 10.170 10,H?4 1.743 1,234 1.731 2066.8 7059.1 2053.4 

5.0 R.041 9.18? 9.0»U 10,4 44 1.248 1.241 1 .741 207H.1 7077.? 7071.6 
5.5 7.76« 8. 7q7 9 . H 1 9 10, 140 I .754 1 . 248 1.748 7086.9 708?.? 70R1.9 

6.0 7.511 H.446 9.665 9,H90 1.759 1.Z55 1.254 2091.6 2090.0 7089.8 
5.5 7.771 R.174 9.571 9.68? 1.764 1 .760 1.260 209H.6 2095.9 7095.7 

7.0 '.048 7.8?9 9.191 9.S06 1.268 1.266 1.266 2102.2 2100.1 7100.0 
7.5 6.R18 7.557 9.272 9.157 1.273 l.?71 1.271 2104.* 2101,0 7107.9 

15 



s 
o 

o 

Cf 

16 



60. 

cal/mole 

50. L 

40. U- 

30. IN. 

20. 

10. 

\ 

1      i      1 1                            1                             1                            1 

\ 
Initial  condltlona 

T1=298.13   "K 

- 

\ \ 

{2^*0^*  m H2 

- 

\ \           \pl=1 atm• 

— 

\      ^^0     ^v 

r-                 - .    , 
F                           "' 

— \lOO     >v            \w - 

^* ^^» « —        100               ^""""^^^-C^ ̂ ^^__ 
__ "" 1                            S*,**-^'»'l      mm* 

1                           1                            1 1                          1                           1                          1 
0 1. 2. }. 4. 5. 6. Z     m      8. 

K1G.   2 SPECIFIC HEAT VERSUS DILUTION (HYüKOGEM DILUTION) 

17 



1.500 

K 
1.400 

1.300 

1.200 

1   I   '   I   '   I   ' 

Initial conditions 

Tj = 298.15 'K 

(2 H2 + 02) ♦ n He 

'^ 

1.100' ' ' L I_i I I I.I' 
0 1 2 3 4 5 6 7 6n9 

FIG.   3      SPlvClFIC HEAT KA'l'K) AND ISKN'l'ROPlC EXPONENT (HELIUM DILUTION) 

18 



1.300 
T T 

1 
*> 

Initial  condjiclona 

r1=298.13 'l 

(2Ho*0o)   ♦  m H 

1.200 

1, r 

1.100 1 
0 1 2 5^ 5 öJmB 

FIG.   4 SPECIFIC HEAT RATIOS AND ISENTROPIC EXPONENT 
(HYDROGEN DILUTION) 

19 



2 300 

100 
2200 

100 

10 2100 

100 at 

2000 

1900 

1B00 

1700 

1600 I n i t i a l c o n d i t i o n s 

15«o 

o k l 2 3 8 5 6 7 9 n 

FIG. 5 S P E E D O F SOUND VERSUS DILUTION (HELIUM DILUTION) 

20 



2200. 

m/sec. 

2100. 

2000. 

1900. 

1800, 

1700. 

1600. 

1500. 

1400. 1 1 1 

Initial conditions 

T1=298.15 *« 

\ 2H(,4^0 ) ♦ m H, 

0 1 2 3 4 5 6 7ni8 
FIG.   6 SPEED OF SOUND VERSUS DILUTION (HYDROGEN DILUTION) 

21 



I 

BLANK PAGE 

I 
'* 

<1 

« waaw^if    ' -    **— '- ■:**•£- J 



Unclass i f ied 
Security Classification 

DOCUMENT CONTROL DATA - R&D 
(Sm€urttr clmmmthCMttmy of tltlm. body oi mbmtrmct annotation w w i b* mntmt%d »Wl»n thm ovrmllrapott^lm^cJam^lUmd)^ 

1. ORIGINATING ACTIVITY (Corpormtm author.) 

I n s t i t u t e f o r Aerospace S t u d i e s , 
U n i v e r s i t y of T o r o n t o , T o r o n t o Canada 

U n c l a s s i f i e d 
1. ORIGINATING ACTIVITY (Corpormtm author.) 

I n s t i t u t e f o r Aerospace S t u d i e s , 
U n i v e r s i t y of T o r o n t o , T o r o n t o Canada I I GROUP 

1. REPORT TITLE 

SPECIFIC HEAT RATIOS AN D ISENTROPIC EXPONENTS FOR CONSTANT-VOLUME COMBUSTION OF 
STOICHIOMETRIC MIXTURES OF HYDROGEN-OXYGEN DILUTED WITH HELIUM OF HYDROGEN 
| - — ^ r _ „( W k K l a l n M M ) 

Sc ien t i f i c . Inter ln . 
I . AUTHORTS.) (Lmmt M M *<•! —am. initial) 

BENOIT, Andre 

«. REPORT DATE 

J a n u a r y 1967 21 2 
• a. CONTRACT OR GRANT NO. 

AF 33(6l5)-2766 
6. PROJECT NO. 7 0 6 5 

e. 6 1 4 4 5 0 1 4 

* 6 8 1 3 0 7 

• a. ORIGINATOR** REPORT NUMGCR(SJ 

UTIAS T . N. 102 
• a. CONTRACT OR GRANT NO. 

AF 33(6l5)-2766 
6. PROJECT NO. 7 0 6 5 

e. 6 1 4 4 5 0 1 4 

* 6 8 1 3 0 7 

I I I M ° w M n r atfMr m n t e l t A a l a l f to w t W W 

A R L 6 7 - 0 0 1 7 
10- AVAILABILITY/LIMITATION NOTICES 

1. D i s t r i b u t i o n of t h i s d o c u m e t i s u n l i m i t e d . 

11. SUPPLEMENTARY NOTES 

1Z- > 
t t . SPONSORING MILITARY ACTIVITY 
Aerospace R e s e a r c h L a b o r a t o r i e s (ARF) 
W r i g h t - P a t t e r s o n A i r Fo rce Base , 
Ohio . 

13- ABSTRACT ^ '7.. ^ 

This note is complementary to l/TIAS Technical Note No. 85, "Thermodynamic and 
Composition Data for Constant-Volume Combustion of Stoichiometric Mixtures of 
Hydrogen-Oxygen Diluted with Helium or Hydrogen", by A. Benoit. It includes the 
calculation of the equilibrium specific heats, the equilibrium specific heat 
ratios, the isentropic exponents, and the corresponding values of the speeds of 
sound. For convenience, the final-to-initial temperature ratio and the final-to-
initial pressure ratio have ,also been included in the present tables. The results 
are presented for helium and hydrogen dilution respectively. — 

DD .'«1. 1473 Unclassified 
Security Classification 



Ilnf 1 H.q.si £ j pd 
Security Classification 

K E Y WORDS 

C o n s t a n t volume combust ion 
Gaseous Thermodynamic P r o p e r t i e s and 

c o m p o s i t i o n 
D r i v e r Gases f o r Shock Tubes , Shock Tunne l s 

and H y p e r v e l o c i t y Launchers 

INSTRUCTIONS 
1. ORIGINATING ACTIVITY: Enter the name and addreaa 
of the contractor, subcontractor, grantee. Department of De-
fense activity or other organization (corporate author) issuing 
the report. 
2a. REPORT SECUHTY CLASSIFICATION: Enter the over-
ell security c lassi f icst ion of the report. Indicate whether 
"Restricted Data" is included. Marking ia to be in accord-
ance with appropriate security regulations. 
26. GROUP: Automstic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industrial Manual. Enter 
the group number. Also, when sppliccble, show that optional 
markings hsve been used for Group 3 end Group 4 as author-
ised. 
3. REPORT TITLE: Enter the complete report title in all 
cspital letters. Tit les in all caaea should be unclassified. 
If s meaningful title cannot be selected without claaaifica-
tion, show title classif ication in all capitals in parenthesis 
immediately following the title. 
4. DESCRIPTIVE NOTES: If sppropriate, enter the type of 
report, e .g. , interim, progress, summary, annual, or final. 
Give the inclusive dates when a specific reporting period is 
covered. 
5. AUTHOR(S): Enter the name(s) of authors) aa ahown on 
or in the report. Entei last name, first name, middle initial. 
If military, show rank end branch of service. The name of 
the principal «.nhor is an absolute minimum requirement. 
6. REPORT DATH: Enter the date of the report as day, 
month, year; or month, year. If more than one date appeara 
on the report, uae date of publication. 
7a. TOTAL NUMBER OF PAGES: The total page count 
should follow normal pagination procedures, i .e. , enter the 
number of pages containing information, 
76. NUMBER OF REFERENCES: Enter the total number af 
references cited in the report. 
8a. CONTRACT OR GRANT NUMBER: If appropriate, enter 
the applicable number of the contract or grant under which 
the report was written, 
86, 8c, & 8d. PROJECT NUMBER: Enter the sppropriate 
military department identification, such as project number, 
sufaproject number, system numbers, task number, etc. 
9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified 
and controlled by the originating activity. This number must 
be unique to this report. 
96. OTHER REPORT NUMBER(S): If the report has been 
assigned any other report numbers (either by the originator 
or by the sponsor), alao enter this numbers). 
10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other thsn those 

imposed by security classification, using standard statementa 
such as: 

(1) "Qualified requesters may obtain copies of this 
report from DDC." 

(2) "Foreign announcement and dissemination of this 
report by DDC is not authorized." 

(3) "U. S. Government agencies may obtain copies of 
this report directly from DDC. Other qualified DDC 
users shall request through 

(4) "U. S. military agencies may obtain copies of this 
report directly from DDC Other qualified users 
shall request through 

(S) "All distribution of this report i s controlled. Qual-
ified DDC users shall request through 

If the report has been furnished tc the Office of Technical 
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known. 
1L SUPPLEMENTARY NOTES: Use for additional explana-
tory notes. 
12. SPONSORING MILITARY ACTIVITY: Enter the name of 
the departmental project off ice or laboratory sponsoring (pay 
ing for) the research and development. Include address. 
13- ABSTRACT: Enter an abstract giving a brief and factual 
summary of the document indicative of the report, even though 
it may also appear elsewhere in the body of the technical re-
port. If additional space is required, s continustion sheet shall 
be attached. 

It is highly desirsble that the abstrsct of c l sss i f ied reports 
be unclaasified. Each paragraph of the abstrsct shsll end with 
an indication of the military security classif ication of the in-
forrastion in the paragraph, represented s s (TS). (S). (C). or (U) 

There is no limitation cn the length of the abstract. How-
ever, the suggested length is from 150 to 225 words. 

14. KEY WORDS: Key words sre technicslly mesningful terms 
or short phrases that characterize a report and may be used as 
index entries for cataloging the report. Key words must be 
selected so thst no security classif ication i s required. Identi-
fiers, such as equipment model designation, trade name, military 
project code name, geographic location, may be used s s key 
words but will be followed by sn indication of technical con-
text. The aasignment of links, rules, and weights is optional 

GPO 8 8 6 - 5 5 1 U n c l a s s i f i e d 
Security Classification 


